Developing a concentrated solar power (CSP) technology is one of the most effective methods to solve energy shortage and environmental pollution all over the world. Thermal energy storage (TES) system coupling with phase change materials (PCM) is one of the most significant methods to mitigate the intermittence of solar energy. In this paper, firstly, a 2D physical and mathematical model of a novel truncated cone shell-and-tube TES tank has been proposed based on enthalpy method. Secondly, the performance during the charging/discharging process of the truncated cone tank has been compared with the traditional cylindrical tank. Finally, the effects of inlet conditions of heat transfer fluid (HTF), and thickness of tube on the charging/discharging process, stored/released energy capacity; energy storage/release rate and heat storage efficiency have been investigated. The results show that the performance of truncated cone tank is better, and the charging/discharging time reduces 32.08% and 21.59%, respectively, compared with the cylindrical tank. The effect of wall thickness on the truncated cone TES tank can be ignored. And the inlet temperature and velocity of HTF have the significant influence on the charging/discharging performance of TES tank. And the maximum heat storage efficiency of the truncated cone TES tank can reach 93%. However, some appropriate methods should be taken for improving the thermal energy utilization rate of HTF in the future. This research will provide insights and significant reference towards geometric design and operating conditions in TES system.
Introduction
The sustainable development of low-carbon economy has become the inevitable choice to realize the win-win situation of economic development and environmental protection around the world. To alleviate the associated environmental problems, reduction of the use of fossil fuels by developing more cost-effective renewable energy technologies becomes increasingly significant. Among various types of renewable energy sources, solar energy takes a large proportion [1] [2] [3] . And many believe that actively developing CSP technology is one of the most effective ways to solve current global energy supply problems. However, one major drawback of solar energy is intermittence. To mitigate this issue, the need for energy storage system arises in most of the areas where CSP technology is utilized [4, 5] .
The thermal energy can be stored in different forms, such as sensible heat, latent heat, thermochemical, or a combination of these [6] . In sensible thermal storage, the thermal energy is temporarily stored with rise/fall temperature in the storage media. In latent thermal storage, the considerable latent heat of PCM is absorbed/desorbed in the phase transition process for storing/releasing thermal energy, and this system with PCM owns the advantages of nearly constant temperature and much higher energy density per unit volume compared to the sensible thermal storage. And in thermochemical thermal storage, large amount of enthalpy change in endothermic/exothermic chemical reactions is used to store/release thermal energy, and the approach is still in the laboratory research stage due to its complexity, safety, and harsh operation condition [7] [8] [9] . Thus, latent thermal storage system with PCM is now an effective and feasible solution to store thermal energy in CSP plants.
Avci, Dadollahi, Tao et al. [10] [11] [12] investigated the effect of the inlet condition of HTF on the thermal energy storage performance of a cylindrical shell-and-tube TES system for CSP technology. The results indicated that the increase of inlet temperature and velocity of the HTF can enhance the charging performance and energy storage capacity in a TES system. Fang et al. [13] proposed an index of effective energy storage ratio to characterize the effective energy storage capacity of LHTES system with the same volume of tube-in-tank design. The analysis provided implications on an optimal design of LHTES systems in practical CSP plants. Assari et al. [14] studied the TES performance with the different inlet and outlet location of the fluid in horizontal cylindrical tank by numerical and experimental method. The results showed that an appropriate location for the hot water inlet resulted in better thermal stratification in the storage tank, in addition, an appropriate location for the cold water outlet resulted a better collector efficiency, which both increased the performance of solar water heater system.
Many researchers found that the natural convection had a great influence on the charging process in TES system. Seddegh et al. [15] studied the influence of natural convection on charging/discharging of vertical cylindrical TES tank, which was developed to experimentally investigate how the natural convection is initiated and how the energy is transferred from the HTF to PCM in the LHTES system. Tao and He [16] investigated the influence of natural convection and the fins on performance of horizontal latent heat storage tank. The results showed that the high temperature molten salt flows upward which enhances the PCM melting rate in upside and weakens the melting rate in downside due to the effects of natural convection. Kurnia and Sasmitob [17] proposed a rotating TES system to overcome the shortcoming of natural convection. The results revealed that rotation does increase the heat transfer performance, and this system with up to 25% and 41% enhancement can be achieved during charging and discharging, respectively. Gao et al. [18] investigated the thermal performance of the cubic TES system with coil tubes. The results showed that natural convection accelerated the thermal energy transport in the melt phase in the upper region but weakened the heat transfer in the bottom region.
In general, the molten salt is one of the most promising PCM used in CSP plant; however, the main shortcomings of them are low thermal conductivity, and a lot of works have been studied to overcome this issue and to enhance the heat transfer rate of TES tank in CSP system. Parsazadeh, Yang et al. [19, 20] investigated the melting process in shell-and-tube TES system with annular fins. The numerical results showed that the fins exhibited a promising potential for enhancing heat transfer in CSP technology. Amagour et al. [21] studied the finned-tube LHTES system based on the method of equivalent circular fin efficiency for the calculation of the effective heat transfer surface area. And the compact finned-tube system presented a satisfactory overall performance compared to other published results. Gasia et al. [22] compared the performance of TES in four systems including the addition of fins and the use of two different HTF. The results revealed that the finned designs showed an improvement of up to 40% for the same HTF, and water showed results up to 44% higher than silicone for the same design. Zhu, Eslami et al. [23, 24] studied the transient behavior of the rectangular thermal energy tank equipped with fin configurations. The results showed that the fins can obviously enhance the thermal performance. Parsazadeh and Duan [25] analyzed the influence of nanoparticles added on HTF and PCM on a shell-and-tube TES system for CSP technology.
In addition, the packed bed LHTES system with spherical capsules has been studied in recent years for enhancing the heat transfer rate in CSP plants. Bellan et al. [26] analyzed the dynamic thermal performance of high temperature latent thermal energy system packed with spherical capsules. The results indicated that the Stefan number and the shell properties of the capsule significantly influence the thermal performance of the system. Ma and Zhang [27] adopted Al-Si and air as the PCM and HTF, respectively, and built the packed bed system. The results showed that the performance of PCM is better than rock due to the high latent heat and thermal conductivity of the PCM (alloy). Abdulla and Reddy [28] investigated the thermal performance of a packed-bed thermocline TES system, and it was found that the relative to inlet salt velocity and operating temperature range have more influence on the thermal performance of TES system.
It is clear from the literature reviewed above that the natural convection accelerated the thermal energy transport in the upper region and weakened the heat transfer in the bottom region during the charging process [16, 18] . And the shell-and-tube TES system is the promising design to store energy due to its symmetrical structure and simple analysis. Therefore, this paper proposed a novel truncated cone shell-and-tube TES tank of CSP plant to enhance the heat transfer by taking advantage of natural convection. And it is compared with the performance of traditional cylindrical TES tank. A 2D model is built to numerically investigate the effects of inlet temperature, velocity of the HTF, and the thickness of tube on the charging/discharging performance with this novel TES system. This research will provide a significant reference towards geometric design and operating conditions by considering the effect of natural convection on a TES system for CSP plant.
Physical Model and Governing Equations
2.1. Physical Model of a Novel Truncated Cone Tank. The physical model is shown in Figure 1 , which is a truncated cone shell-and-tube configuration. The HTF flows in the inner tube, and the shell side is full of PCM with the mass of 54% NaNO 3 and 46% KNO 3 . The length (L) of this tank is 200 mm, the radius for the inner tube (R in ) is 20 mm, and the material of the inner tube is steel. In addition, the container external surface is treated as an adiabatic 2 International Journal of Photoenergy boundary with the radius of the top and bottom as 60 mm (R) and 39.28 mm (r), respectively, and the taper of this truncated cone model is 0.2072. Under the condition of the constant volume/mass of the PCM and the same radius of the inner tube, the traditional cylindrical shell-and-tube model is built and simulated. The thermophysical properties of PCM are shown in Table 1 . In order to simplify the physical and mathematical model, the following assumptions are adopted [8, 29] .
(1) The HTF flow entering the tube was laminar and simultaneously developing (2) The thermal conduction and viscous dissipation in the axial direction is neglected for PCM (3) The thermal properties of PCM in both solid and liquid phase do not change with the temperature (4) Adiabatic wall was assumed (5) The models are simplified to 2D axisymmetric 2.2. Governing Equations. The enthalpy method is adopted to deal with the moving boundary problem in a solidliquid phase change process. The corresponding governing equations are shown as follows [12, 30] . For the HTF,
where
e , and T a is the average temperature of the PCM and T m is the melting temperature.
For the PCM,
where θ = T − T m , f is the liquid fraction of the PCM, ΔH is the PCM melting enthalpy. λ′ and λ p are the thermal conductivity of PCM in x and r direction (W/m·K). The energy equation (2) is formulated by enthalpy method. And the liquid fraction is determined as
To calculate the stored energy of the PCM, the stored energy capacity of the TES system is given by [31] 
Meanwhile, the released energy capacity of the TES system is given by
where m is the mass of PCM (kg), T 0 is the initial temperature of the PCM (K), T m is the melting temperature and T a is the average temperature of PCM at the end of melting process (K), f is the liquid fraction of PCM, and Δ H is the enthalpy of fusion (kJ/kg). Meanwhile, C p,s and C p,l represent the specific heat of the PCM at the state of 
105.8 * The "(s)" and "(l)" stand for "solid" and "liquid" of PCM, respectively. 
Model Validation and Testing
The finite volume solver ANSYS Fluent 16.0 is used to discrete the governing equations. Due to the coupled energy transfer process between the HTF and PCM, the energy equation both for HTF and for PCM is integrated solving in the whole computational domain. Accordingly, to calculate the Reynolds number of HTF (Re max = 1654 < 2300, v max = 1.2 m/s), the laminar is selected as the flow model. And the coupled fluid dynamic and energy equations are solved by SIMPLEC algorithm. The second order upwind method is applied as the spatial discretization method for pressure, momentum, and energy. In order to ensure the accuracy of the calculation, the residual of the energy equation is less than 10 −6 . In order to validate the reliability of the physical model, the setting, calculation, and simulation results based on Fluent 16.0 software, the comparisons between the present numerical predictions, and the literature results which is the theoretical analysis by C language in MATLAB software [32] were performed under the same geometric parameters and operation conditions. The comparative results are shown in Figure 2 . In the plots, the melting time is approximately 7 h both of the two methods, and the melting time error is about 6.67%. Meanwhile, the maximum melting error is about 8.70% at 2 h, which is shown in the dashed circle. The results show that these errors (8.7% and 6.67%) are within the allowable range of engineering errors. Therefore, the good agreements show that the physical model and simulation results based on Fluent 16.0 software in the present paper are acceptable and reliable. It can be seen that the settings of Fluent 16.0 here can be used for simulation experiments.
The mesh of this model consists of the quadrilateral cells. To ensure mesh independent result, mesh independence test was conducted by systematically increasing the number of cell and the results as shown in Table 2 . The results did not show a significant change in the total melting time as the number of cells increases to 179,177. Therefore, in order to save the computational time, the mesh size of 46,224 cells for the truncated cone shell-and-tube TES model was chosen for the simulations. Besides, the maximum and minimum time steps are 2 s and 0.05 s, respectively. And the Courant number is the default value. Accordingly, to analyze the total melting time of the five cases, the time step size of 0.5 s was the most appropriate to be accounted for the transient nature of the model and the results as shown in Table 2 . The contour of the PCM liquid fraction and temperature flied in the cylindrical and truncated cone tank during the melting process are shown in Figure 3 . It is noted that the melting starts on the tube wall surface and expands inside the PCM, and the upper region of the PCM is melting first compared to the lower region. From the corresponding temperature field, it can be found that the temperature shows an obvious ladder distribution, and the temperature closing to the heat pipe region and the top region of the PCM is higher. This phenomenon can be explained in terms of heat conduction and natural convection. On the one hand, the temperature difference is larger in the upper region of the PCM and HTF, so that the heat transfer rate is faster in this region. On the other hand, the higher-temperature liquid PCM rises because of the effect of natural convection, which promotes the melting of the upper PCM. However, the influence of the heat conduction can be ignored in the heat transfer process, because the length of these two models studied in this paper is identical.
Results and Discussions
According to the melting time and liquid fraction in Figure 3 , on the whole, the truncated cone tank can melt 4 International Journal of Photoenergy much faster than the cylindrical tank at the same operating condition during the process. However, the liquid fraction of a truncated cone tank is about 40%, which is equal to the liquid fraction of a cylindrical tank at 1800 s. After that, the melting process of a truncated cone tank is obviously quicker than a cylindrical tank, and the total melting time reduces about 32.08% compared with the cylindrical tank. This indicates that the thermal energy storage performance of a truncated cone tank is better and the melting process is faster than the cylindrical tank under the same operating condition. Figure 4 presents the simulated liquid PCM velocity field with a cylindrical and truncated cone TES tank during the melting process, which can explain the reason of the upper region of PCM melt faster than the lower region of PCM. It can be seen that the clockwise convection circulation arises at the liquid region of PCM, and the high-temperature liquid PCM at the vicinity of the HTF pipe flows upward due to the effect of natural convection, whereas the low-temperature liquid PCM flows downward along the liquid/solid interface of PCM because of the action of natural gravity. In this situation, the natural convection accelerates the thermal energy transfer at the top region and weakened the thermal energy transfer at the bottom region of the PCM. Therefore, the truncated cone tank can obviously reduce the melting time compared to the cylindrical TES tank.
Effects of Thickness of Tube on Charging
Process. In order to study the effect of thickness of tube on the TES performance during the charging process, the inlet temperature and velocity of HTF are 797 K and 1.2 m/s, respectively, and the initial temperature of PCM and tube is 487 K. Meanwhile, the radius for the inner tube (R in ) is always 20 mm. Figure 5 presents the effects of different thickness of tube on liquid fraction and melting process. It can be seen that the liquid fraction of PCM decreases with the increasing thickness of tube in the early stage. The possible reason is that the thermal resistance increases with the increase of the thickness of the tube lead to the melting rate reduce. And after that, the liquid fraction increases with the increasing thickness of tube during the melting process. That is because the increasing thickness of the tube makes the mass 5 International Journal of Photoenergy of PCM reduce slightly, as a whole, the melting time of PCM will be slightly reduced with the decrease of the PCM. And the influence of the thickness of tube on the melting time gradually weakens with the increasing of the wall thickness. However, the reduction of the melting time can be negligible compared to the case where the wall thickness is neglected. Therefore, the effect of wall thickness on the truncated cone TES system is ignored in the rest of the studies.
Effects of Inlet Temperature of HTF on Charging
Process. The initial temperature of PCM with 487 K, and the inlet velocity of HTF with 1.2 m/s is chose to study the effects of inlet temperature of HTF on the melting process. And the inlet temperature of the HTF is six temperature gradients, including 597 K, 647 K, 697 K, 747 k, 797 K, and 847 K.
The effects of inlet temperature of HTF on melting process are shown in Figure 6 , which include the charging Higher temperature difference between HTF and PCM leads to the heat transfer rate increasing. At the same time, it can be seen that the higher the inlet temperature of the HTF is, the bigger the slope of the melting curve is and the higher the heat storage rate of the PCM is. And under the same operating conditions (the inlet temperature of HTF is 797 K), the charging time of the truncated cone TES tank is shorter than that of the cylindrical tank. The results are consistent with the contour of the PCM liquid fraction and temperature in the cylindrical and truncated cone tank during the charging process. The effects of initial inlet temperature of HTF on the outlet temperature of HTF are presented in Figure 7 . Meanwhile, the numbers represent the total melting time during the charging process. From Figure 7 , the initial inlet temperature increasing from 597 K to 847 K, the melting time will decrease from 15,111 s to 6262 s, which reduces about 58.56%. And the outlet temperature increases with the increasing initial inlet temperature. For each case, the outlet temperature of the HTF increases slowly during this process. As a whole, the higher the inlet temperature of the HTF, the greater the temperature difference between the inlet and the outlet temperature. And when the inlet temperature is 847 K, the corresponding minimum outlet temperature is 786 K, and the temperature difference is about 60 K. It can be seen that the thermal energy utilization rate from HTF is very low during this process. Therefore, some methods should be taken to reduce the loss of energy and improve the thermal energy utilization rate of HTF in the TES system for enhancing the CSP plant efficiency. Figure 8 presents the effects of initial inlet temperature of HTF on the total stored energy capacity and energy storage rate during the charging process. The histogram and curve show the total stored energy capacity and total energy storage rate of the TES tank, respectively. And the value of the total stored energy capacity is calculated by equation (4) . The total energy storage rate is calculated by following equation.
where the v Q represents the total energy storage rate (J/s), Q is the total stored energy capacity (J), and t is the charging time (s).
The histogram indicates that the total stored energy capacity and initial inlet temperature of HTF has notable positive correlation, and the initial inlet temperature of HTF increasing from 597 K to 847 K, the total stored energy capacity will increase from 506.55 kJ to 753.21 kJ, which increases about 48.69%. However, the increment of stored energy capacity decreases with the increase of inlet temperature. Meanwhile, the curve shows that the total energy storage rate increases significantly with the increase of inlet temperature, and the inlet temperature increasing from 597 K to 847 K, the energy storage rate will increase from 33.52 J/s to 120.28 J/s, which increases about four times.
It is shown that the inlet temperature of HTF has the significant influence on the TES system for a truncated cone shell-and-tube tank. The increase of inlet temperature can not only shorten the total charging time but also increase the total stored energy capacity and energy storage rate. Therefore, it is very important to select the proper inlet temperature of HTF according to the actual operating conditions to improve the storage efficiency of the TES system in the CSP plant. Figure 9 presents the effects of inlet velocity of HTF on liquid fraction during the charging process. As a whole, the slope of themelting curve decreases gradually in the charging process of liquid fraction up to 100%. And the charging time decreases with the increasing inlet velocity of HTF, because the higher velocity of HTF makes the temperature difference between HTF and PCM augment, which leads to the heat transfer rate increasing. With the increase of inlet velocity, the effect of HTF on charging time becomes smaller and smaller.
The effect of inlet velocity on outlet temperature of HTF is presented in Figure 10 . The result shows that the outlet temperature increases with the increase of the inlet velocity of HTF. From the curves, the tendency of outlet temperature is rather gradual during the process. However, the outlet temperature difference of HTF is decreasing with the increasing initial inlet velocity. It was found that increasing the velocity of HTF from 0.2 m/s to 1.2 m/s reduces the melting time from 11,334 s to 6972 s by 38.48%. And when the inlet velocity of HTF is 0.2 m/s, the outlet temperature is the smallest (the minimum outlet temperature of 695 K), and the maximum temperature difference is 102 K. At this time, there is still a large amount of heat energy to not be utilized from the HTF. Figure 11 presents the effects of inlet velocity of HTF on the total stored energy capacity and total energy storage rate during the process. The histogram shows that the total stored energy capacity of the TES tank increases with the increase of the inlet velocity of HTF, but the increasing amplitude is decreasing gradually. And the inlet velocity increasing from 0.2 m/s to 1.2 m/s, the total stored energy capacity will increase from 571.80 kJ to 669.49 kJ, which increases about 17.08%. However, the increment of stored energy capacity decreases with the increasing velocity. The curve indicates that the energy storage rate increases with the increase of inlet velocity of HTF, and the inlet velocity increasing from 0.2 m/s to 1.2 m/s, the total energy storage rate will increase from 50.45 J/s to 96.02 J/s, which increases about double. It can be seen that the inlet velocity of the HTF has a great influence on the heat storage characteristics of the TES tank in the CSP system. International Journal of Photoenergy
Discharging Process of TES

Comparison of the TES Performance between
Cylindrical and Truncated Cone TES Model during the Discharging Process. In order to compare the thermal energy release performance between traditional cylindrical and truncated cone TES tanks, the inlet temperature and velocity of HTF are 377 K and 1.2 m/s, respectively, and the initial temperature of PCM and steel is 507 K. The contour of the PCM liquid fraction and temperature field in the cylindrical and truncated cone model during the discharging process are shown in Figure 12 . It is found that the PCM begins to solidify at the surface of the heat conduction tube wall, and the upper region of PCM solidification is firstly compared to the bottom region of PCM. In this process, it can be seen that the temperature field is consistent with the solid-liquid phase of the PCM in TES tank. On the whole, the temperature of upper PCM is lower than the bottom region. This phenomenon can directly explain the reason that the upper PCM completed the solidification process firstly. International Journal of Photoenergy From the total discharging process, the truncated cone tank can solidify slightly faster than the cylindrical tank at the same operating condition during the discharging process. The liquid fraction difference of them is only 0.64% at 3600 s, which shows the thermal energy release rate is almost parallel at the beginning. After that, the liquid fraction of a truncated cone tank is decreasing faster than a cylindrical tank. It can be found that the discharging rate of a truncated cone unit is faster than a cylindrical tank, and the discharging time reduces about 21.59% compared to the cylindrical model. This indicates that the thermal energy release performance of truncated cone TES tank is slightly better than the traditional cylindrical tank for CSP plant under the same operating condition.
And Figure 13 presents the simulated liquid PCM velocity field with truncated cone TES tank at 3600 s. It can be seen that the anticlockwise convection circulation arises at the liquid region of PCM. And the high-temperature liquid PCM at the vicinity of shell flows upward due to the effect of natural convection, which is weakened compared to the charging process. Whereas the low-temperature liquid PCM flows downward along the liquid/solid PCM interface because of the natural gravity, which is accelerated compared to the charging process. In this situation, the natural convection makes the higher-temperature liquid PCM flow upward, which accelerates the thermal energy releasing at the upper region of PCM during the discharging process due to the lower temperature at the top of HTF. Therefore, the truncated cone TES tank can also reduce the discharging time compared to the traditional cylindrical TES tank.
Effects of Inlet Temperature of HTF on Discharging
Process. In order to investigate the effects of initial inlet temperature of HTF on discharging process, the inlet velocity of HTF is 1.2 m/s, the initial temperature of PCM is 507 K, and the inlet temperature of the HTF is six temperature gradients, including 377 K, 387 K, 397 K, 407 K, 417 K, and 427 K. The thickness of tube is neglected due to its slight effect on thermal energy storage performance. Figure 14 shows the effects of initial inlet temperature of HTF on discharging time and liquid fraction of PCM during the discharging process, which include the discharging process of cylindrical TES tank under the inlet temperature of HTF at 377 K. It can be seen that the slope of the curves of the TES tanks decreases gradually under different inlet temperatures of HTF, which indicates that the thermal energy release rate of the TES tanks reduce gradually. The larger the inlet temperature of the HTF is, and the smaller the slope of the whole corresponding curve is. Under the same operating conditions, the total discharging time of the truncated cone TES tank is shorter than that of the cylindrical tank. The results are consistent with the contour of the PCM liquid fraction and temperature in the cylindrical and truncated cone tank during the discharging process (Figure 12 ).
When the inlet temperature of the HTF is 377 K, it takes 12,920 s for the cylindrical tank to complete the discharging process and only 10,130 s for the truncated cone tank, which reduces 21.59%. For the truncated cone TES tank, the discharging time increases with the increasing inlet temperature. When the inlet temperature of HTF increase from 377 K to 427 K, the discharging time will increase from 10,130 s to 15,380 s, which increases about 51.82%. It can be seen that the inlet temperature of HTF has great influence on the discharging process of the TES tank in the CSP system, and the thermal energy release performance of the truncated cone TES tank is better than the cylindrical tank. Figure 15 presents the effects of inlet temperature of HTF on the total released energy capacity and total energy release rate during the discharging process, which include the results of cylindrical TES tank under the inlet temperature at 377 K ("C-377" in Figure 15 ). And the total released energy capacity is calculated by equation (5) . The total energy release rate is calculated by the following equation.
where the v Q′ represents the total energy release rate 
10
International Journal of Photoenergy (J/s), Q′ is the total released energy capacity (J), and t is the discharging time (s). When the inlet temperature is 377 K, it can be seen that the total released energy capacity of the cylindrical tank (537.91 kJ) is much larger than that of the truncated cone TES tank (469.53 kJ). However, the energy release rate of the truncated cone tank is greater than that of the cylindrical tank, which increases 9.87% compared to the cylindrical tank. It can be found that the heat energy utilization rate from the PCM of the truncated cone TES tank is higher than that of the cylindrical tank.
For truncated cone TES tank, the total released energy capacity decreases with the increase of the inlet temperature of HTF in Figure 15 . And the initial inlet temperature of HTF increasing from 377 K to 427 K, the total released energy capacity will decrease from 469.53 kJ to 439.06 kJ, which 11 International Journal of Photoenergy reduces about 6.49%. Meanwhile, the curve shows that the total energy release rate decreases significantly with the increasing inlet temperature of HTF, and the initial inlet temperature increasing from 377 K to 427 K, the total energy release rate will decrease from 46.19 J/s to 28.48 J/s, which reduces about 38.34%.
Effects of Inlet Velocity of HTF on Discharging Process.
In order to investigate the influence of inlet velocity of HTF on the discharging process of a truncated cone TES tank, according to the results of the inlet temperature for HTF on the heat discharging process, the inlet temperature of 397 K is selected to the study. The initial temperature of PCM is 507 K, and the inlet velocity of the HTF is six temperature gradients, including 0. The effect of inlet velocity of HTF on liquid fraction and discharging process is shown in Figure 16 . From the curves, the slope of curves is gradually decreasing during the discharging process. With the increase of the inlet velocity of HTF, the discharging time is gradually shortened, and the amplitude of the shortening is gradually reduced. Thus, the smaller the inlet velocity of the HTF is, the larger the effect on the discharging time of the TES tank is. The inlet velocity of HTF increasing from 0.2 m/s to 1.2 m/s, the discharging time will decrease from 19,270 s to 12,150 s, which reduces about 36.95%. Figure 17 presents the effects of inlet velocity of HTF on the total released energy capacity and total energy release rate during the discharging process. From the histograms and curve, the total released energy capacity and energy release rate increase with the increase of inlet velocity of HTF. And inlet velocity of HTF increasing from 0.2 m/s to 1.2 m/s, the released energy capacity will increase from 440.92 kJ to 455.36 kJ, which increases slightly about 3.27%. And the total energy release rate increases about 65.17%. This is because with the increase of the inlet velocity of the HTF, the total released energy capacity increases, while the total discharging time decreases gradually, which leads to the phenomenon that the total energy release rate increases greatly.
Analysis of Heat Storage Efficiency of TES Tank.
In order to analyze the heat storage efficiency of the truncated cone TES tank, firstly, the heat storage efficiency is calculated by following equation.
where the Q ′ and Q is the total released energy capacity and total stored energy capacity, respectively.
Then, according to the above results, the stored and released energy capacity in a truncated cone TES tank has been calculated. In this process, the influence of the inlet temperature and velocity of the HTF on the heat storage efficiency of the truncated cone TES tank can be compared and analyzed. Figure 18 shows the influence of the inlet temperature of the HTF on the storage efficiency of the TES tank, in which the x-axis is the inlet temperature of the HTF during the charging process, the y-axis is the heat storage efficiency, and the legend shows the inlet temperature of HTF during the discharging process.
From the diagram, it can be found that the heat storage efficiency decreases with the increase of the inlet temperature of HTF in the charging process. And the maximum heat storage efficiency of the TES tank can reach 93% and the minimum is about 58%, which indicated that the inlet temperature of the HTF has a great influence on the heat storage efficiency of the TES system in CSP plant.
When the inlet temperature of the HTF is constant during the charging process, the higher the inlet temperature of the HTF during the discharging process is, the lower the heat storage efficiency of the TES tank is. Meanwhile, when the inlet temperature of the HTF is constant during the discharging process, the higher the inlet temperature of the HTF during the charging process is, the lower the heat storage efficiency of the TES tank is. Compared with the discharging process, the inlet temperature of HTF in the charging process has the more significant effect on the heat storage efficiency. As a whole, the lower the inlet temperature of the HTF is, the higher the thermal energy utilization efficiency is, that is, the higher the heat storage efficiency of the TES tank is.
The influence of the inlet velocity of the HTF on the storage efficiency of the TES tank is shown in Figure 19 , in which the x-axis is the inlet velocity of the HTF during the charging process, the y-axis is the heat storage efficiency, Figure 13 : The simulated liquid PCM velocity field with truncated cone TES unit during discharging process.
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International Journal of Photoenergy and the legend shows the inlet velocity of HTF during the discharging process. It can be found that the heat storage efficiency decreases with the increase of the inlet velocity of HTF in the charging process. In the calculation range, the range of heat storage efficiency of a truncated cone TES tank is 80%~65%, and the effect of velocity on the heat storage efficiency of TES tank is slighter than the influence of the inlet temperature of HTF on it.
When the inlet velocity of the HTF is constant during the charging process, the higher the inlet velocity of the HTF during the discharging process is, the higher the heat storage efficiency of the heat storage tank is. However, when the inlet velocity of the HTF is constant during the discharging process, the higher the inlet velocity of the HTF during the charging process is, the lower the heat storage efficiency of the TES tank is. And compared with the discharging 13 International Journal of Photoenergy process, the inlet velocity of HTF in the charging process has also the more significant effect on the heat storage efficiency. As a whole, the lower the inlet velocity of the HTF is during the charging process and the higher the inlet velocity of HTF is during the discharging process, the higher the thermal energy utilization efficiency is, that is, the higher the heat storage efficiency of the TES tank is in the CSP system. It can be concluded that the inlet condition (temperature and velocity) of HTF in the charging process has the more obvious impact on the heat storage efficiency of TES system in CSP technology.
Conclusions
Developing CSP technology is one of the most effective ways to solve energy shortage all over the world. And the TES system is the key to improve the performance of CSP system. In this paper, a two dimensional physical and mathematical model for a novel truncated cone shell-and-tube TES tank has been established based on enthalpy method. Then, the 14 International Journal of Photoenergy charging/discharging process of the cylindrical tank and the novel tank has been compared. Meanwhile, the effects of inlet conditions of HTF, and thickness of tube on the charging/discharging process, and heat storage efficiency have been investigated. The following conclusions can be drawn.
(1) Comparing the performance between cylindrical and truncated cone TES tank, it can be seen that the performance of truncated cone tank is better under the same operating condition, which reduces the charging/discharging time about 32.08% and 21.59%, respectively. And the velocity field of liquid PCM during the charging/discharging process shows clockwise/anticlockwise convection circulation (2) The effect of thickness of tube on the charging process of PCM is slight, so the effect of wall thickness on the TES system can be ignored (3) During the charging process, with the increase of the inlet temperature of HTF, the charging time reduces about 58.56%, and the stored energy capacity and energy storage rate increase about 48.69% and four times. With the increasing inlet velocity, the melting time reduces about 38.48%, and the stored energy capacity and energy storage rate increase about 17.08% and double. However, the thermal energy utilization rate of HTF is very low (4) During the discharging process, with the increase of inlet temperature of HTF, the discharging time increases 51.82%, and the released energy capacity and energy release rate reduce about 6.49% and 38.34%, respectively. With the increasing velocity, the discharging time reduces about 36.95%, and the released energy capacity and energy release rate will increase about 3.27% and 65.17%, respectively (5) For the heat storage efficiency, the maximum heat storage efficiency of the truncated cone TES tank can reach 93% in the range of the simulation (6) Therefore, the initial operating condition of HTF is the significant factor in the practical applications of the CSP system. Particularly, some appropriate methods should be studied for reducing the loss of energy and improving the thermal energy utilization rate of HTF in the next study. And this researcher will provide the significant reference towards geometric design and operating conditions by considering the effect of natural convection on the TES system in the CSP plants Velocity, m/s v max :
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